The agricultural sector has potential to provide greenhouse gas (GHG) mitigation by sequestering soil organic carbon (SOC). Replacing cropland with permanent pasture is one practice promoted for its potential to sequester soil carbon. However, pastures frequently support livestock, which produce other GHG emissions that could negate the abatement from increased SOC, especially given the declining rate of SOC sequestration through time. Our purpose was to determine whether the abatement provided by SOC storage in permanent pastures was offset by livestock emissions, and to thus compare emissions from grazed pasture systems with those from cropping systems. We investigated this question for three case study farms in locations with contrasting climate, soils and management representative of Australian cropping and livestock systems. Three cropping scenarios were defined that had increasing amounts of SOC inputs: Crop burn , crop residues burned before sowing (lowest SOC input); Crop stubble , crop residues retained; and Crop intensity , uncropped fallow phases replaced with short-term green manure legume crops. The on-farm GHG emissions profiles of these cropping scenarios were compared with those from two livestock scenarios utilizing continuous stocking: Livestock grass , stocked permanent grass pasture; and Livestock legume , stocked permanent legume pasture; the latter having higher SOC input than the former. Crop yields, pasture growth rates and emissions of carbon dioxide (CO 2 ) and nitrous oxide (N 2 O) from the soil were simulated with the APSIM farming systems model. Livestock emissions were predicted using Australian GHG accounting emission factors. For the farms in this study, the SOC sequestered in the stocked permanent pastures was offset by emissions from livestock, and emissions from cropping scenarios were similar to or significantly less than those from the livestock scenarios. These findings: (1) demonstrate the importance of using net GHG abatement potentials from combined emissions rather than a single GHG abatement process when evaluating potential abatement practices, and (2) demonstrate that characteristics of different locations can alter the abatement potential of management practices.
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INTRODUCTION
The "Agriculture, Forestry and Other Land Use (AFOLU)" economic sector emits 24.8% of global greenhouse gases (GHGs), including 0.5 Gt carbon dioxide equivalents (CO 2 e) yr −1 from enteric fermentation and 1.2 Gt CO 2 e yr −1 from agricultural soils (Smith et al., 2014) . The principal emissions from agricultural practices consist of (1) carbon dioxide (CO 2 ) from decomposition of soil organic carbon (SOC), (2) methane (CH 4 ) from enteric fermentation, and (3) nitrous oxide (N 2 O) from synthetic fertilizer and manure [DEE (Department of the Environment and Energy), Smith et al., 2014] . The global warming potential (GWP) of each gas differs, however, with CO 2 e values of 3.7, 34, and 298 for SOC, CH 4 , and N 2 O, respectively (IPCC, 2013) . Thus, the potential for abatement in different agricultural systems depends on both the GWP and volume of the greenhouse gas emitted.
Agricultural GHG emissions from changes in SOC stocks, N 2 O, and CH 4 are highly variable across environments and management practices (e.g., Hillier et al., 2012; Sainju, 2016) . The balance between SOC decomposition and sequestration is influenced by the amount and nature of carbon inputs (e.g., through stubble retention, manure application and cover crops; Lal, 2004; Sanderman et al., 2010; Luo et al., 2011; Wang et al., 2016) and environmental conditions influencing the rate of SOC decomposition (e.g., Badgery et al., 2013) . Emissions of N 2 O from soils are stimulated by warm temperatures, high water contents, and a supply of nitrate and decomposable carbon (Dalal et al., 2003) . Accordingly, the potential for changes in both SOC stocks and N 2 O emissions are influenced by rainfall, temperature, management practices, and soil properties. By comparison, emissions of CH 4 are primarily determined by stocking rate (Harrison et al., 2014b) , and flock/herd structure and feed composition (Hegarty et al., 2010; Harrison et al., 2014a; Henderson et al., 2017) . Thus, the diversity of factors that influence emissions of individual GHGs can make it difficult to identify practices that deliver overall mitigation.
Despite the relatively small GWP of CO 2 , abatement practices that increase SOC are desirable because of their unique potential among agricultural practices to sequester (rather than merely reduce emissions of) atmospheric GHGs (Smith et al., 2014) . Increasing the amount of carbon sequestered in soils has the potential to halt the annual increase in CO 2 in the atmosphere and thus mitigate climate change (e.g., the 4 per 1,000 Initiative; http://4p1000.org/understand). The inclusion of pastures in agricultural systems is an effective method to maximize SOC sequestration due to high carbon inputs from pasture (Parsons et al., 2009; Luo et al., 2010; Stockmann et al., 2013; Lugato et al., 2015) . Thus, in cropping systems, temporary (e.g., 2-5 year) pasture phases within cropping rotations increase SOC (Sanderman et al., 2010; Luo et al., 2011; Rabbi et al., 2014; Murphy, 2015) . However, these gains are progressively "lost" as SOC mineralizes during subsequent cropping phases (Bell and Lawrence, 2009; Mielenz et al., 2017) . Conversion of cropping land to permanent pastures results in longer term increases in SOC (Franzluebbers et al., 2000; Franzluebbers and Stuedemann, 2009; Schwenke et al., 2013) , although the rate of SOC sequestration declines over time. In addition, because C and N cycles are linked, the increased SOC provides additional substrate (i.e., decomposable carbon) that could increase N 2 O emissions (Li et al., 2005; Barton et al., 2016) , potentially reducing the net extent of GHG abatement provided by SOC sequestration under pastures. Further, pastures usually support ruminant animals (de Boer et al., 2011; Bell and Moore, 2012; Meyer et al., 2016) , which produce additional emissions of CH 4 and N 2 O from enteric fermentation, manure and urine, again reducing the net GHG abatement from pastures. Thus, it is difficult to judge the extent of GHG abatement provided by permanent, grazed pastures compared with the cropping systems they might replace.
There are few studies that compare GHG emissions from permanent pastures supporting livestock with those from cropping systems. Abatement from SOC sequestration in permanent pastures supporting livestock can partially (Crosson et al., 2011) or completely (Rutledge et al., 2015; Meyer et al., 2016) offset the emissions from livestock for up to two decades. However, as SOC concentrations approach equilibrium in the longer term, net emissions are likely to increase as CH 4 emissions from livestock systems dominate the GHG balances of the fields (Crosson et al., 2011) . Thus, the field-scale GHG emissions of cropping systems compared with stocked permanent pastures is unclear. To address the knowledge gap, we investigated the longterm net GHG abatement of stocked permanent pastures relative to cropping systems at three contrasting locations in Australia.
METHODS

Case Study Farms
Three case study farms in the Australian mixed crop-livestock zone were defined in collaboration with the farm owners and their advisors ( Table 1) . The farms were selected from locations where crop-livestock integration is common, and which represented diverse soils and climates. Soil properties were based on measurements of the soils when sampled during previous soil characterization activities at the farms (the ApSoil database; Dalgliesh et al., 2012) . Soil profiles described in ApSoil are typically obtained at a single point in time from farms that participate in agricultural studies. Historical land use information was not available but was likely to be a mix of cropping interspersed with short periods of pasture typical in these areas. Rainfall and temperature data were obtained from daily historical climate records obtained from the SILO data base (Jeffrey et al., 2001) for weather stations close to the case study farms (Figure 1) .
The Kellerberrin and Southern Mallee case study farms were located in southern Australia and had Mediterranean climates (Table 1; Figure 1 ). Cropping activities for these locations are typically restricted to the April-October growing season. Soils at the Kellerberrin farm were predominantly sandy and welldrained. In comparison, soils at the Southern Mallee had welldrained sandy surface soils overlying less permeable clayey subsoils. The soils were assumed to be equally represented within each farm.
The Chinchilla farm had strongly contrasting climate and soil properties to the other two case study farms (Jeffrey et al., 2001) . b Soil parameters from ApSoil (Dalgliesh et al., 2012 Figure 1 ). This farm was located in a subtropical environment with summer-dominant rainfall. Average rainfall at the farm was approximately double that received at the other two case study farms. Soils on the farm were cracking clays that had large water holding capacity. The soil water holding capacity and higher rainfall at the Chinchilla farm allow both summer and winter crops to be grown.
Crop and Livestock Simulation Scenarios
Three cropping and two livestock scenarios were simulated that provided a range of potential GHG abatement. For cropping systems (described in more detail in section Crops and Management) this included (1) the usual cropping system at the farms with 70% of stubble removed by burning at the end of March (Crop burn ) or (2) a system with stubble retained after harvest (Crop stubble ) that had higher GHG abatement potential. A third, high organic matter input cropping scenario was modeled in which all weedy pasture phases and uncropped fallows ( Table 2) were replaced with a green manure legume crop (Crop intensity ). The green manure crop was sown after harvest of the preceding cash crop and was not fertilized with N. After 60 days the green manure crop was sprayed out and the residues were retained on the soil surface. The two livestock system scenarios (described in more detail in sections Pastures and Management and Defining Livestock Dynamics With the Feed Demand Calculator) consisted of permanent pastures of (1) grass fertilized with N (Livestock grass ) and (2) a legume pasture that was not fertilized with N (Livestock legume ) and stocked at a higher rate. The Crop burn , Crop stubble , and Crop intensity scenarios for crop systems, and the Livestock grass and Livestock legume scenarios for livestock systems, were set up with the expectation of having increasing dry matter production and therefore of increasing inputs of SOC to those systems.
Overview of Approach for Simulating Crop and Livestock Scenarios
Cropping Systems GHG emissions from SOC, N 2 O, and CH 4 are determined by the interaction of many factors, so a simulation-based approach was used in this study because it allowed the trade-offs between GHGs to be examined as a system with common conditions and over the long-term (Moore, 2014; Moore et al., 2015) . The approach adopted to simulate GHGs from the cropping systems defined for the case study farms is summarized in Figure 2 . The cropping systems were simulated with the Agricultural Production Systems sIMulator (APSIM) model v7.7 (Holzworth et al., 2014; described 
Livestock Systems
Livestock systems were simulated with an integrated approach utilizing several tools (Figure 2) . Permanent pasture growth, and the SOC and emissions of S-N 2 O associated with pasture production were simulated with the APSIM model (described in section Simulation of Crops and Pasture Systems With APSIM). The monthly growth rate of pastures simulated with the APSIM model were used to estimate the annual feed base available to livestock at each farm. The flock or herd structure and stocking rates that could be supported by the simulated feed base were identified with the Meat and Livestock (MLA) Feed Demand Calculator (Bell et al., 2008; Moore et al., 2009) . Purchases and sales of livestock required to maintain the flock or herd structure, and the amount of any supplements fed were estimated with the calculator (described in section Defining Livestock Dynamics With the Feed Demand Calculator).
The age and number of livestock and seasonal quality of feed established from using APSIM and the Feed Demand Calculator were inputs to the Sheep and Beef Greenhouse Gas Accounting Frameworks v6 (S-GAF and B-GAF, respectively; Browne et al., 2011) . The S-GAF and B-GAF frameworks are described in section Calculating Emissions From Livestock With B-GAF and S-GAF. These tools provided estimates of the seasonal emissions of N 2 O from livestock urine and manure (L-N 2 O) and emissions of CH 4 from enteric sources (E-CH 4 ) and from manure (M-CH 4 ). These emissions were combined with net balance of emissions from pasture production to estimate the total GHG profile of the livestock systems.
Simulation of Crops and Pasture Systems With APSIM
Crop and pasture plant production, SOC storage and S-N 2 O emissions from crop and pasture production were simulated with the APSIM model configured with modules for soil nitrogen (APSIM-SoilN; Probert et al., 1998) , soil water dynamics (APSIM-SoilWat; Probert et al., 1998) , soil temperature (APSIM-SoilTemp2, following Campbell, 1985) , residue (APSIM-SurfaceOM; Probert et al., 1998) and crop growth. All modules interact and processes are simulated with a daily time step, using historical daily climate data obtained from the SILO data base (Jeffrey et al., 2001) for weather stations close to the case study farms.
The crop rotations (Table 2) , tillage, N fertilizer application, sowing and harvesting practices required for crop and pasture production at each farm (sections Crops and Management and Pastures and Management) were included in the simulations. All scenarios were simulated with the same initial soil properties. Each combination of location, soil, and crop or pasture was FIGURE 2 | Overview of the approach used to integrate tools for simulating crops, pasture and livestock production and on-farm greenhouse gas (GHG) emissions for the case study farms. Greenhouse gas emissions included (1) N 2 O from the soil (S-N 2 O) and from urine and manure wastes from livestock (L-N 2 O), (2) CH 4 from enteric sources (E-CH 4 ) and from manure (M-CH 4 ), and (3) the net change in atmospheric concentrations of CO 2 derived from sequestration or decomposition of soil organic carbon ( SOC). modeled over a 100 year period. Each combination was simulated for 10 different starting years (1906) (1907) (1908) (1909) (1910) (1911) (1912) (1913) (1914) (1915) to prevent any potential cyclical patterns in the climate data interacting with the patterns in crop rotations.
Soil Processes
Soil carbon and nitrogen cycling in the APSIM-SoilN module were simulated by subdividing the soil C and N into inert, humic, fresh organic matter (i.e., roots) and microbial biomass pools that have constant C:N ratios (Probert et al., 1998) . The C and N in the inert pool do not decompose, while the maximum potential decomposition rates for C from other pools vary. The humic pool decomposition rate is in the order of years while the microbial pool rate is in the order of days. The rate at which C flows between the pools is determined by fixed turnover rates for each pool. The amount of C decomposed from each pool is split between the receiving pool and evolved CO 2 , according to efficiency coefficients for each pool. The corresponding flows of (2) and (3) simulated on the sandy clay loam soil.
N between pools are determined by the C:N ratio of the receiving pool; any shortfall or excess of N results in immobilization or mineralization, respectively, of mineral N. Nitrous oxide emission was calculated from the ratio of N 2 to N 2 O emitted during denitrification; this fraction increased linearly from 0.00 to 1.18 as the percentage of water filled pore space increased from 21.3 to 100.0 (Thorburn et al., 2010) .
In the APSIM-SoilWat module, the soil water characteristic in each soil layer was specified in terms of air dry, lower limit, drained upper limit and saturated volumetric water contents. Movement of soil water between the layers was simulated using a one dimensional "tipping" bucket process in which water moved between soil layers in the profile according to separate algorithms for saturated or unsaturated flow. Soil nitrate is assumed to be completely mixed with soil water, with leaching losses of nitrate occurring in proportion to its concentration in soil water.
The APSIM soil modules were set up with data for the specified soils (Table 1) . These data included soil water characteristic information, hydraulic conductivity, SOC (including the allocation of SOC to microbial biomass, humic and inert SOC fractions), soil pH, runoff curve numbers and coefficients for first and second order evaporation. Soil profiles for each farm were configured with the number of layers defined for each soil (approximately seven layers), and processes associated with transformations of soil carbon, nitrogen and water were calculated for each layer. Parameter values for each soil are provided in the APSIM model soil database "APSoil" (Dalgliesh et al., 2012) .
Residue Decomposition
Decomposition of crop and pasture residues were simulated with the APSIM-SurfaceOM module. Residues were transferred from the relevant plant model to SurfaceOM with a carbon fraction of 0.4 following detachment during the life of the plant or upon plant death. Crop and pasture residues were retained on the soil surface and decomposed in situ unless they were removed by burning. Simulated burning removed 70% of the residue dry matter, carbon and nitrogen from the field.
Crops and Management
Modules for wheat (Triticum spp.), barley (Hordeum vulgare), canola (Brassica napus), lupins (Lupins spp.), oats (Avena sativa), chickpea (Cicer arietinum), field pea (Pisum sativum), cotton (Gossypium spp.), and sorghum (Sorghum bicolor) crops were deployed with default parameters to simulate the different crop rotations ( Table 2) . The management practices used for crop establishment (e.g., plant density, sowing depth, and sowing window) and nitrogen fertilizer was provided by the farm owners and/or their advisors. Winter crops were sown between 25 April and 2 June if adequate rainfall was received within a specified period (e.g., 15 mm received in the preceding 10 days for wheat crops sown at Kellerberrin). Summer crops at Chinchilla were sown between 5 October and 15 January if soil water content exceeded 90% of drained upper limit in the surface 0.5 m of soil. If conditions for sowing were not satisfied, then crops were sown on the last day of the sowing window. N fertilizer management reflected that specified by farm owners and their advisors ( Table 2) . All simulated crops were rainfed with minimum tillage. Fallow periods were uncropped and kept free of weeds.
Pastures and Management
Permanent pastures of annual ryegrass (Lolium rigidum) or clover (Trifolium subterraneum ssp. Subterraneum "Dalkeith") were simulated for the Kellerberrin and Southern Mallee case study farms in APSIM with the Ausfarm v1.4.13 Established Pasture module. For the Chinchilla case study farm, a Bambatsi (Panicum coloratum) and Bambatsi-medic (Medicago truncatula) pasture were simulated with the APSIM Bambatsi module and Ausfarm v1.4.13 Established Pasture module (medic). Average daily pasture growth rates for each month were calculated as the sum of net above-ground primary production for each month divided by the days per month, then averaged over the simulation period. Pasture biomass in excess of 50 mm height at Kellerberrin and Southern Mallee, or 3,500 kg biomass ha −1 at Chinchilla, was cut and removed at monthly intervals to simulate removal of biomass by grazing. This pasture management was adopted in order to maintain a long-term average conservative pasture utilization rate of 30% (described in section Defining Livestock Dynamics With the Feed Demand Calculator). The remaining pasture could regrow in simulations. The N recycled in livestock urine and manure was simulated by applying manure each month at rates proportional to the number of livestock (Barker et al., 2002) . The effect of trampling and selective grazing was not included in simulated pasture management. All pastures were simulated under rainfed conditions. Fertilizer was applied to pastures in the Livestock grass scenario at the rate of 12.5-50 kg urea-N ha −1 yr −1 to maintain productivity over the 100 year simulation period, consistent with recommended practice (Eckard, 2010) ; pastures in the Livestock legume scenario included legumes and were not fertilized with N.
Feed quality was defined in terms of values simulated with APSIM for dry matter digestibility (DMD), and with values obtained from the literature for crude protein (CP) and metabolizable energy (ME). A range of quality parameters was used for feed based on pastures to reflect seasonal changes in pasture quality during the year. These values were set as follows: annual ryegrass [5-11% CP, 45-70% DMD, 7-12% MJ ME (kg DM) −1 ], clover [7-17% CP, 62-72% DMD, 7-11% MJ ME (kg DM) −1 ], Bambatsi [5-16% CP, 47-60% DMD, 7-9% MJ ME (kg DM) −1 ], and lupin grain fed as supplement [30% CP, 86% DMD, 13 MJ ME (kg DM) −1 ] (Courtney, 2002; Lloyd, 2007) .
Defining Livestock Dynamics With the Feed Demand Calculator
Simulated long-term pasture growth rates, available supplements and the ME of all feed sources were input to the Feed Demand Calculator (Bell et al., 2008; Moore et al., 2009 ) to determine the amount and timing of feed available to support livestock numbers throughout the year at each case study farm. Pasture growth at the locations is strongly seasonal in response to rainfall (Figure 1) and requires careful stocking to avoid soil degradation when ground cover is low. Flock or herd structures that were representative of local practice were defined for each case study farm and designed so that animal demand was lowest during periods of low pasture growth and vice versa (described in succeeding paragraphs in this section). The long-term average sustainable number of livestock for each farm was determined by the amount of feed available from the different pasture scenarios to satisfy livestock demand for energy at a pasture utilization rate of 30% of net aboveground primary pasture growth per year [Hunt, 2008; MLA (Meat and Livestock Association) and CSIRO (Commonwealth Scientific and Industrial Research Organisation), 2013]. The stocking rates therefore differed between livestock scenarios based on differing pasture quantity and quality, and were maintained in each year throughout the simulation period at each farm. Thus, while the pasture utilization rate was more conservative than rates that could sometimes occur in response to tactical grazing management [MLA (Meat and Livestock Association) and CSIRO (Commonwealth Scientific and Industrial Research Organisation), 2013], it was necessary to support long-term stocking rates that were sustainable given static livestock management. Livestock demand accounted for energy requirements for maintenance, lactation and growth and was predicated on typical annual cycles of reproduction and growth. Feed requirements and stocking rates were compared for different classes of animals by expressing them in Dry Sheep Equivalents (DSE), i.e., the amount of feed required by a 2 yearold, 45 kg sheep wether or non-pregnant and non-lactating ewe (McLaren, 1997) .
Livestock at the Kellerberrin and Southern Mallee case study farms consisted of a breeding flock of Merino sheep with rams included in the ratio of one ram per 100 ewes. Ewes were joined from 1 November to 15 February each year with a weaning rate of 0.8 lambs per ewe. Annual livestock sales occurred in November when all lambs were at least 4 months old. Ewe lambs replaced 20% of the breeding flock each year. The breeding ewes that were replaced, and all remaining lambs, were then sold. The diet of sheep at the Kellerberrin and Southern Mallee case study farms was supplemented from February to May with lupin grain at the rate of 46 kg DSE −1 yr −1 (Finlayson et al., 2012) . Supplements were assumed to be 100 % consumed by the sheep without wastage. This flock structure and management was used in both livestock scenarios.
Livestock at the Chinchilla case study farm consisted of a trading herd of Bos taurus x Bos indicus steers. Ten monthold steers weighing 200 kg head −1 (equivalent to 6.5 DSE each; McLaren, 1997) were purchased in cohorts on the first of January, April and October, and sold 15 months later at 400 kg head −1 . The diet of the steers consisted of pastures in the Livestock grass and Livestock legume scenarios without additional supplementation. This structure and management of the trading herds was used in both livestock scenarios.
Calculating Emissions From Livestock With B-GAF and S-GAF
Greenhouse gas emissions from livestock manure, urine and E-CH 4 were calculated using the S-GAF and B-GAF emissions calculators (Figure 2) . The calculators use Australian National Greenhouse Gas Inventory methods prescribed by the [DCCEE (Department of Climate Change and Energy Efficiency), 2012] to compute the whole-farm emissions in terms of CO 2 equivalents (CO 2 e) from animal production (number, class of livestock, weight, and live weight gain), N fertilizer inputs and pasture quality (dry matter availability, crude protein, and dry matter digestibility). Emissions from livestock are dominated by E-CH 4 , which is closely related to dry matter intake [DEE (Department of the Environment and Energy), 2017]. Australian livestock production occurs in many cases in semi-arid and subtropical climatic conditions. Consequently, typical animal performance tends to vary from those used to define default animal emissions (e.g., many European countries), and so countryspecific emissions factors have been used in the calculators to better represent stock weight for age, weight gain, feed quality, and manure management [DEE (Department of the Environment and Energy), 2017].
Modeled Scenario Evaluation
Simulation tools have been validated in other studies for (1) APSIM crop and pasture systems (Carberry et al., 2009; Pembleton et al., 2013; Meier et al., 2017) including simulation of SOC and N 2 O emissions in similar soils and climates (Luo et al., 2011; Liu et al., 2014; Mielenz et al., 2016; O'Leary et al., 2016) ; and peer-reviewed application of (2) the Feed Demand Calculator (Bell et al., 2008; Moore et al., 2009) ; and (3) S-GAF and B-GAF (Browne et al., 2011; Harrison et al., 2014a,b) . For simulation of SOC with APSIM described in (1), close correspondence with measured values was obtained in these references for experimental periods of up to 44 years with RMSE values of 1 to 11 Mg SOC ha −1 (0.0-0.3 m). Close correspondence of simulated and measured seasonal N 2 O emissions was also demonstrated with RMSE values of 0.052-0.441 kg N ha −1 (Mielenz et al., 2016) and with simulated emissions within ±10% of measured values (Meier et al., 2017) . While these publications demonstrate the credible simulation capacity of these tools, the simulations are not for the precise locations of the case study farms and do not use the model set ups described in these publications. Further, the simulation of SOC could not be tested against on-farm measurements because the initial SOC used was obtained from measured values on nearby soils (Table 1) and SOC was not measured during the 100 year simulation period. For this reason, simulated long-term SOC for the farms is presented in supplementary material to demonstrate the credible response of simulated SOC within the scenarios. The evaluation of simulation results against measured values was therefore made against crop yield, pasture net aboveground primary production and stocking rate results reported from the farms and from nearby locations to assess the accuracy of the simulated plant production.
Calculations for GWP
Emissions From Soil
On-farm greenhouse gas emissions from the soil (S-N 2 O and SOC) were simulated with APSIM (section Simulation of Crops and Pasture Systems With APSIM). The emissions were converted to the common units of carbon dioxide equivalents (CO 2 e) using the 100 year conversion factor with climate-carbon feedback of 298 for S-N 2 O (IPCC, 2013). The change in SOC stocks (0.0-0.3 m) was multiplied by 3.67 to convert carbon to the equivalent mass of CO 2 e.
Emissions From Livestock
Whole-farm emissions of S-N 2 O, L-N 2 O from livestock manure and urine, and E-CH 4 , were each calculated with the S-GAF and B-GAF calculators in terms of CO 2 e (section Calculating Emissions From Livestock With B-GAF and S-GAF). The emissions were converted to the common units of carbon dioxide equivalents (CO 2 e) using the 100 year conversion factor with climate-carbon feedback of 298 for N 2 O and 34 for CH 4 (IPCC, 2013). The emissions were converted to values per unit area (Mg CO 2 e ha −1 ) to facilitate comparison of emissions between cropping and livestock systems and between farms.
Net GWP
The net on-farm GWP of scenarios for each of the scenarios was calculated as the sum in CO 2 e ha −1 of GHG emissions (S-N 2 O, L-N 2 O, E-CH 4 , and SOC) simulated for each site. The GWPs calculated for scenarios were restricted to onfarm emissions from crop and livestock systems and hence emissions associated with off-farm activities (e.g., manufacture and transport of N fertilizer) were excluded from the analysis. Tukey's Honestly Significant Difference test (Yandell, 1997 ) was used to identify significant differences (p < 0.05) between the scenarios for SOC, N 2 O, CH 4 , and GWP in the RStudio statistical package (v0.99.465).
Emissions Intensities
The emissions intensity of the different scenarios was calculated as the annual per hectare emissions in CO 2 e per kilogram of protein in harvested grain for cropping scenarios or per kilogram of edible protein in dressed carcasses sold for livestock scenarios. The percentage protein content used in calculations for harvested grain was 10.6 (sorghum), 11.0 (wheat), 12.5 (barley), 36.2 (lupin), 22.5 (canola), 20.5 (chickpea), 23.0 (field pea), and 9.4 (maize) [Province of Manitoba, 2004; Pulse Australia, 2018; USDA (United States Department of Agriculture), 2018]. Meat protein was calculated assuming that dressed carcass weight was 60% of live weight for cattle and 50% for sheep (Raines, 1999) , with protein in the carcass of 17.5% for beef [USDA (United States Department of Agriculture), 2018] and 15.6% for lamb (Hankins, 1947) . The protein in by-products such as stover in the cropping scenarios or in wool and hides in the animal scenarios was not included in the calculation of emissions intensities.
RESULTS
Validity Tests for Model Outputs
Crop Yields
The simulated crop yields at each case study farm were compared with point estimates of typical yields provided by the farm owners (Figures 3A-C) . There was a greater range of simulated yields compared to point estimates because these yields were simulated over 100 yr of climate data in each location and thus reflected a broader range of climatic conditions (Figure 1) . Nevertheless, farm yields typically occurred within the second and third quartiles of simulated yields; thus, simulated yields were considered representative for the locations.
Pasture Production
The long-term simulated net above-ground pasture primary production at the case study farms was in close agreement with values provided in the literature (Figures 3A-C) . The main predictors of pasture regrowth rates are rainfall, minimum temperature and maximum temperature [MLA (Meat and Livestock Association) and CSIRO (Commonwealth Scientific and Industrial Research Organisation), 2013], and so the simulated pasture growth rates for the Livestock grass and Livestock legume scenarios in combination were also compared with values from the literature (Figures 4A-C) (Livestock grass scenario) and a legume pasture that was not fertilized with N (Livestock legume scenario). Reference yields for crops represented typical crop yields at the farm as described by the farm owners. Reference yields for pastures were sourced from the literature as follows: for Kellerberrin, Puckridge and French (1983) , Bolger and Turner (1999) , Latta et al. (2001) , Fillery and Poulter (2006) , Brennan et al. (2013) ; for Southern Mallee, Puckridge and French (1983) , Descheemaeker et al. (2014) ; for Chinchilla, Lloyd (1981 Lloyd ( , 2007 , Lloyd et al. (1983) , Cook et al. (2005) . "Whiskers" in the box and whisker plots are provided for 5 and 95% of simulated values. at Northam for the Kellerberrin farm, at Boort and Balmoral for the Southern Mallee farm, and at Roma for the Chinchilla farm. There was also potential at Chinchilla for high pasture growth rates of two to three times the median growth rate to occur, but this high production potential and high variability in growth was consistent with field experimental values reported by Lloyd (1974) .
Livestock Management
Stocking rates in the livestock systems ranged from 1.7 to 3.5 DSE ha −1 at Kellerberrin, 2.0 to 4.4 DSE ha −1 at Southern Mallee, and 6.3 to 8.5 DSE ha −1 at Chinchilla, with ranges reflecting changes due to births, purchases and sales (Figures 5A-C) . These stocking rates were generally consistent with or lower than values reported in the literature (Figures 5A-C) . The lower rates occurred because a relatively conservative pasture utilization objective of 30% was adopted the simulation period, to allow for seasonal variability in pasture production during the 100 yr simulation period. It is possible that short term pasture utilization rates of up to 60% can be achieved depending upon type of livestock, opportunistic management and environmental conditions [MLA (Meat and Livestock Association), 2019], whereas the average long-term pasture utilization rate simulated at all locations was 26-32% of the net above-ground primary production.
Long-Term Average GHG Profiles for Scenarios
SOC SOC fluctuated at all locations during the simulation period and approached equilibrium values by the end of the simulation period (Figure 6) . Greater variability occurred within the cropping compared to livestock scenarios due to cyclical differences in inputs to SOC throughout the year from cropped phases followed by weed-free fallows (especially in cropping scenarios at Kellerberrin and Southern Mallee where Crop burn and Crop stubble had weed-free summer fallows but low summer rainfall also limited inputs of SOC during fallows under the Crop intensity scenario). Changes in SOC in some scenarios over the simulation period indicated that SOC at the start of the simulations was not at equilibrium by reference to the different scenario managements; this was expected because all simulations started with the same initial starting SOC but had differences in SOC inputs (described below). The relative change in SOC between scenarios elicited from this starting point was important for comparing scenarios in this study.
Changes in SOC (expressed as CO 2 e, Figures 7A-C) varied between scenarios and farms due to the interaction between farm-specific differences in rainfall patterns, soil properties and initial SOC with differences between scenarios in organic matter inputs. Depending upon the location, the amount of organic matter inputs from crop residues and roots at harvest in the cropping scenarios were roughly 2, 4-5, and 5-6 Mg organic matter ha −1 yr −1 in the Crop burn , Crop stubble , and Crop intensity scenarios, respectively (data not shown). The amount of organic matter inputs from residues and roots to the livestock scenarios was roughly 2-3 and 3-4 Mg organic matter ha −1 yr −1 from the Livestock grass and Livestock legume scenarios, respectively. Consequently, there was potential for greater increase or lower decrease in SOC under the cropping scenarios than the livestock scenarios. However, the pattern of organic matter additions differed between the systems and was important for SOC: most organic matter additions occurred at harvest in the cropping scenarios but occurred throughout the year in the livestock pasture scenarios. The interaction of the rate of organic matter inputs with seasonal rainfall and soil moisture capacity was also important for the rate of decomposition of residues: for example, deposition of cropping residues at harvest at Kellerberrin and Southern Mallee were typically followed by dry summers with low potential for crop residue break down. In addition to these interactions between farm-specific climates and the amount and timing of organic matter inputs, the capacity for an absolute increase in SOC at the locations was influenced by initial SOC content. Therefore, there was an absolute increase in SOC in response to cropping scenarios at Kellerberrin from a low initial SOC of 0.5 to 0.6%C (Table 1; Figure 7A ) but only relative changes in SOC resulted at other locations with higher initial SOC (≥1.1%; Figures 7B,C) .
These interactions led to differences in the SOC between the farms. For example, the long-term average annual GHG emissions of CO 2 from SOC were significantly lower (i.e., less SOC was decomposed) in the Livestock legume scenario than the Crop burn scenario at Southern Mallee and in the Livestock legume than all crop scenarios at Chinchilla, because of the larger organic matter inputs in Livestock legume . However, this situation was reversed at the Kellerberrin farm, where well-drained soils received least summer rainfall and cropping residues deposited at harvest decomposed more slowly than for the Livestock legume residues deposited throughout the year.
Nitrous oxide emissions were a substantial proportion of the GHG profile for cropping scenarios at both the Chinchilla and Southern Mallee farms. For the cropping scenarios at Chinchilla, the long-term average emissions of N 2 O were up to 1.4 Mg CO 2 e ha −1 yr −1 . For all other scenarios and locations apart from the cropping scenarios at Chinchilla, emissions of N 2 O were a relatively small proportion of the emissions profile and were ≤ 0.2 Mg CO 2 e ha −1 yr −1 .
CH 4
For all farms, emissions of CH 4 were significantly greater from the Livestock legume than Livestock grass scenario (Figures 7A-C) , consistent with the higher stocking rates maintained in the Livestock legume scenario (Figures 5A-C) . As stated in section Cropping Systems, emissions of CH 4 were assumed to be minor for the cropping systems and were not simulated for those scenarios.
Net GWP
Although the Livestock legume scenario had lower emissions from decomposition of SOC compared to Crop burn or Crop intensity at some sites, the net GWP from all emissions was consistently lowest from the Crop intensity scenario at all farms (Figures 7A-C) . At the Southern Mallee and Chinchilla farms, the emissions of N 2 O from the Crop burn and Crop stubble scenarios were similar to the emissions of CH 4 from the Livestock grass and Livestock legume scenarios. This led to similar net GWP between the Crop burn , Crop stubble , Livestock grass , and Livestock legume scenarios for these farms. At the Kellerberrin farm, both the Crop stubble and Crop intensity scenarios provided abatement (rather than merely lowering net GWP) compared to net emissions from the Livestock grass and Livestock legume scenarios due to significant SOC sequestration at this site.
Emissions Intensities
Emissions intensities for the livestock scenarios ranged from 81 to 306 kg CO 2 e (kg dressed carcass protein) −1 ) (Figures 7D-F) and were markedly lower at Chinchilla [average 91 and 81 kg CO 2 e (kg live weight) −1 in Livestock grass and Livestock legume scenarios] than for other locations. These lower emissions intensities for livestock systems also declined between the Livestock grass and Livestock legume scenarios at Chinchilla and Southern Mallee as stocking rates increased in response to improved pasture, but this change was small [10-36 kg CO 2 e (kg dressed carcass protein) −1 ] compared to the variation in emissions intensities caused by location. The average emissions intensities for cropping scenarios were relatively small by comparison to the livestock system scenarios and ranged from −0.9 to 4.3 kg CO 2 e (kg grain protein) −1 . FIGURE 7 | Average net global warming potential (GWP) (A-C) and emissions intensities (D-F) for the cropping scenarios, Crop burn (burnt stubble), Crop stubble (retained stubble), and Crop intensity (increased cropping intensity), and livestock scenarios, Livestock grass (permanent grass pasture) and Livestock legume (permanent improved pasture), at the Kellerberrin, Southern Mallee, and Chinchilla case study farms. In (A-C), net GWP is the sum of average annual on-farm emissions of (1) CO 2 associated with the change in soil organic carbon ( SOC), (2) N 2 O from the soil, manure and urine, and (3) CH 4 from enteric fermentation and from manure. Scenarios that differ by more than the honestly significant difference value in these individual emissions or net GWP have a different letter shown at the top of the panel. Negative values for net GWP represent abatement from the scenarios. Emissions represent the average of values from the 100 yr simulation period. In (D-F), emissions intensities are calculated for cropping in terms of harvested grain protein and for livestock scenarios in terms of the protein content of dressed animal carcasses sold. Long-term average emissions intensities for cropping systems were very small [−1.2 to 4.3 kg CO 2 e (kg protein) −1 ] and may be difficult to distinguish for some farm-scenario combinations.
DISCUSSION
This study sought to compare long-term net GHG abatement of stocked permanent pastures relative to cropping systems. We found that, for our case study farms, net emissions from stocked permanent pastures were not always less than those from cropping systems. This was because enteric CH 4 emissions from livestock were not consistently offset by increased SOC under permanent pastures relative to the cropped systems (Figure 6) . Thus, the key messages from this paper is that it is crucial to consider all GHG emissions when evaluating the abatement potential of different farming systems and practices, and that these practices need to be tailored to the climate, crops, soils, and management at locations.
While SOC sequestration from agricultural practices can contribute to climate change mitigation (e.g., from pastures: Post and Kwon, 2000; Guo and Gifford, 2002; Sanderman et al., 2010; Hoyle et al., 2011; Kragt et al., 2012) , the impact of changes in SOC are often considered in isolation from emissions corresponding to the land use change, e.g., from emissions from livestock feeding on pastures that have been converted from cropped land (e.g., Guo and Gifford) . For the case study farms used in this study, the annual emissions of N 2 O from soils in cropping scenarios and of enteric CH 4 from livestock scenarios were a substantial portion of net GWP profiles of the case studies (Figures 7A-C) . For example, the long-term average SOC was not significantly different for some cropping and livestock scenarios at the Chinchilla and Southern Mallee case studies (Figures 7A-C) , and so neither scenario would provide an advantage for GHG emissions reductions unless either the N 2 O could be reduced in the cropping scenario or CH 4 emissions in the livestock scenario. This study therefore also highlights the importance of evaluating different practices based on emissions that are ongoing (N 2 O and CH 4 emissions) in addition to considering the impact of practices on SOC, since the former can only be reduced rather than mitigated.
This consideration becomes increasingly important as emissions from SOC approach equilibrium values in response to changes in practices.
In Australia, there are government policies that encourage the agricultural sector to contribute to national GHG emissions reductions targets through the mechanism known as the Emissions Reduction Fund (Clean Energy Regulator, 2015) . In this policy, participants can be remunerated for GHG emissions reductions that they achieve using prescribed methodologies [DEE (Department of the Environment and Energy), 2019]. One of these methods is the conversion of crop land to permanent pasture (Australian Government, 2015) . However, in this study we find that permanent pastures do not necessarily provide abatement where the pastures are stocked and emissions from livestock are considered, and thus achieving national abatement objectives could be compromised by adopting this practice. There are clearly lessons from this experience in Australia for other countries considering GHG abatement policies for the land sector.
Building SOC in agricultural soils has been identified as a substantial opportunity for mitigating GHG emissions (e.g., the 4 per 1,000 Initiative; http://4p1000.org/understand), and the establishment of permanent pastures or pasture phases identified as a practice for storing SOC in cropping systems (e.g., Sanderman et al., 2010; Luo et al., 2011; Rabbi et al., 2014; Murphy, 2015) . However, in the case studies considered here, we found that permanent pastures supporting livestock did not necessarily sequester more SOC or provide more GHG abatement than cropping systems. While our findings contrast with other research, the results for our case studies can be attributed to the greater inputs to SOC under the cropping than livestock systems scenarios (section SOC). A key influence upon C inputs to soils for the Kellerberrin and Southern Mallee case studies is that low summer rainfall limits pasture growth in the livestock scenarios to a similar period to that in which crops are grown in the cropping scenarios. At the same time, the pastures in the livestock scenarios received little or no fertilizer, further limiting pasture growth and the inputs of carbon to soils in the livestock scenarios compared to inputs to SOC from crops in the cropping scenarios. While it is possible to simulate pasture systems with higher fertilizer inputs and potentially increased biomass and SOC inputs, in practice fertilizer applications to pastures in these regions often unprofitable (because low rainfall limits pasture growth potential), so the actual SOC sequestration under pastures will commonly be lower than the technical sequestration potential. The potential for climate to limit the accumulation of SOC has been recognized in previous studies. Liu D. L. et al. (2016) predicted this result at sites with low annual rainfall (443 mm yr −1 ), while Lawes and Robertson (2012) found no significant difference in SOC under annual pastures adjacent to perennial pastures of 10 years age (a comparison analogous to crop and permanent pasture systems) at sites receiving rainfall of 400-500 mm yr −1 . The climatic conditions in these studies are similar to the conditions described for our case study sites (Table 1; Figure 1 ) and are common in crop and livestock production under areas in much of Australia. Thus, while improving the quality of pastures (e.g., the change from scenario Livestock grass to Livestock legume ) results in substantial increases in both dry matter and SOC in other locations, such as in Brazil where annual rainfall averages 1,300 mm or more (Climate-Data.Org, 2018) and potential growth rates are high (e.g., de Oliveira Silva et al., 2015 Dick et al., 2015; Mazzetto et al., 2015) , this practice is less effective under the lower, seasonal rainfall experienced at the Kellerberrin and Southern Mallee case study sites.
The soil-based emissions approach adopted in this study was limited by not including sources of GHGs from fuel use or off-site sources such as the emissions embodied in production and transport of inputs like fertilizer. These emissions have implications for the Crop intensity and Livestock legume scenarios for example, in which N supplied by legumes substitutes for N inputs otherwise provided by fertilizer and reduces this portion of offsite emissions associated with production from these scenarios. Assessment of the emissions from all sources, while complex, is important to ensure that both field-scale and absolute abatement is achieved when evaluating the abatement potential of different practices (e.g., de Boer et al., 2011) . However, the potential for pastures to provide abatement has often been identified based solely on their capacity to sequester SOC (e.g., Guo and Gifford, 2002) . In the parallel approach adopted for this study, we have similarly evaluated only the soil-based emissions from cropping systems and have added emissions from livestock to the SOC from pastures. While this approach falls short of a life cycle analysis (LCA) approach in which cradle-to-grave emissions are evaluated, it holds merit in that the emissions reported may provide less uncertainty than the additional GHGs that could also be reported. For example, emissions associated with SOC, N 2 O and CH 4 have been well-tested in the APSIM, S-GAF and B-GAF models (see section Modeled Scenario Evaluation). The additional GHGs associated with on-farm practices of fuel, lime and pesticide use, and pre and post farm emissions are highly management-and site-specific, so the less-subjective emissions presented in this study are useful here for comparing practices.
An additional limitation of our study may be that the contribution of livestock to emissions from pastures has been overstated due to the livestock management adopted. Farm livestock management was based on typical management practices that currently occur for livestock in the case study regions (Bell et al., 2008; Browne et al., 2011) , which may not represent best management practices for GHG mitigation. Many practices have been identified that can reduce GHG emissions from crop and livestock systems, such as improved or alternative management of nutrients in cropping systems, and diet manipulation for ruminant livestock systems (e.g., Eckard et al., 2010; Liu C. et al., 2016; Smith et al., 2017) . For the Southern Mallee and Chinchilla farms, where the net GWPs of the Crop burn and Crop stubble scenarios was not significantly different from the Livestock grass and Livestock legume scenarios (Figure 7) , the adoption of these practices might alter our results and lead to a lower net GWP from the livestock scenarios than some of the cropping systems. The use of alternative practices is frequently limited by economics in marginal production areas such as Kellerberrin; nevertheless, adoption of these better practices could reduce the net GWP of any of the crop or livestock scenarios and requires further investigation for the diverse biophysical conditions occurring on the case study farms. Similarly, opportunistic management in both the crop and livestock scenarios could reduce the GWP of these scenarios by increasing crop and pasture growth in years of above-average rainfall and thus increase inputs to SOC. For example, an increase in stocking rate for the livestock scenarios has in some studies led to an increase in SOC (e.g., Sanderman et al., 2010) and thus could have reduced the net GWP of livestock scenarios, if these gains in SOC exceeded additional emissions of CH 4 arising from the higher number of stock. Stocking rates were increased from the Livestock grass to Livestock legume scenario in response to better pasture quality and quantity, but higher stocking rates within a scenario were not evaluated in this study because the simulated rates were sustainable for long-term simulations given low dry season pasture growth rates (section Defining Livestock Dynamics With the Feed Demand Calculator; Figure 4 ). However, there is potential for opportunistic increases in stocking rate (e.g., with a trading herd or flock) for seasons of better pasture growth as noted in section Defining Livestock Dynamics With the Feed Demand Calculator, and this possibility also warrants further investigation.
Other assumptions in the study may have contributed to relatively greater emissions intensity profiles for the livestock scenarios. Firstly, we assumed that the improved diet provided to livestock from the Livestock legume scenario was used to support a greater stocking rate on the farm (Figure 5) . Improvements in dietary quality are often used to demonstrate the more rapid attainment of target weights and consequent reduction in emission intensities for individual stock (e.g., Eckard et al., 2010) . However, the profitability of livestock enterprises is linked to stocking rates (e.g., Amidy et al., 2017) , and so in this study the increased pasture quality achieved under the Livestock legume scenario was used to increase stock numbers on the farm, with the result that there was little difference between emissions and emission intensities between the Livestock grass and Livestock legume scenarios (Figure 6) . Secondly, we have assumed crop or livestock-only farms in order to evaluate the practice of using pastures to generate net GHG abatement compared to cropping systems. However, many farms in southern Australia (e.g., where Southern Mallee and Kellerberrin are located) operate as mixed crop-livestock systems (Bell et al., 2008; Bell and Moore, 2012) , while livestock-only farms are atypical for this area. For livestock, this may mean that some supplements are replaced with lower quality crop residues, potentially increasing emissions of E-CH 4 . For cropping systems, soil C and N cycling will be altered by decreasing inputs of stover and increasing inputs of manure and urine to SOC. These differences in management for a mixed farm are outside the scope of this study but could alter the emissions intensity from production of both crop and livestock products.
The results obtained from this study were site-specific and accounted for biophysical farm configurations and local farming practices such as crop selection, fertilizer use and rotations. As such the study does not provide the broader coverage that a global study could deliver; however, it highlighted important site-specific characteristics for GHG abatement, especially the interaction between soil properties, climate, plant production and GHG emissions. For example, differences between the case studies at Chinchilla and the other locations in soil properties and the amount and seasonality of rainfall contributed to marked differences in N 2 O emissions and emissions intensities for this farm (Table 1; Figures 1, 7) . Larger N 2 O emissions occurred from cropping scenarios at Chinchilla than other farms (Figure 7) because this site had more slowly drained soils, received higher rainfall, and had a rainy season in summer, so there was greater potential for nitrification and denitrification to occur from soil that was both warm and wet. The significant reductions in N 2 O emissions at Chinchilla from the Crop intensity scenario therefore occurred because the additional crops simulated for this scenario used some stored soil water and reduced the potential for N 2 O emissions to occur.
In a second example from our results that demonstrates site-specific characteristics for GHG abatement, the emissions intensities from livestock systems were 125-201 kg CO 2 e (kg dressed carcass protein) −1 lower for Chinchilla than the other locations. Despite the higher overall net GWP of livestock systems from this farm compared to the other sites, the livestock emissions intensities were lower for two reasons. Firstly, higher rainfall at Chinchilla enabled greater annual pasture growth and hence of livestock weight gain and sales per year. Secondly, the livestock at Chinchilla were managed as a trading herd and so the emissions from all animals could be attributed to all the animals when sold. By comparison, breeding flocks were retained at Kellerberrin and Southern Mallee so annual emissions from all stock could only be attributed to a smaller number of stock sold (lambs and cull ewes). Understanding how different locations and systems provide GHG abatement is important for delivering abatement at the broader national and global scale. Accordingly, substantial caution should be applied when identifying agricultural management practices expected to deliver broad scale abatement, since interactions between temporal patterns of rainfall, total rainfall, temperature, drainage and management properties can lead to variable outcomes at different locations.
CONCLUSIONS
Permanent pastures stocked with ruminants may offer no GHG abatement advantage over cropping systems for a diverse range of Australian agricultural environments. GHG abatement practices identified for broad abatement potential in both crop and livestock systems should be selected with caution because differences in the amount and seasonality of rainfall and soil characteristics can shift the net GWP of locations from net abatement to net emissions, and assumptions about the GHG outcomes of different practices or farming systems (e.g., crops vs. livestock) maybe incorrect. Additionally, such practices should not be evaluated based on the response of a single GHG abatement process, such as potential SOC sequestration, but should only be recommended after considering the net GWP from all GHGs involved. It is also important to consider the "feedbacks" that happens when farm management is changed: for example, improving the quality and quantity of pasture fodder (as in moving from the Livestock grass to Livestock legume scenario) may not reduce whole farm livestock GHG emissions where the stocking rate is increased to exploit the better forage supply.
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